Purpose. Genetic factors play an important role in physical performance. In this study, the polymorphism of the angiotensinconverting enzyme gene (ACE) was analyzed in relation to the level of physical fitness, measured by maximal oxygen uptake (VO 2max ). Methods. Molecular genetic research on the ACE gene was carried out on a group of 154 men and 85 women. All of the subjects were Polish students at the University School of Physical Education in Poznań and included professional athletes representing various sport disciplines and levels of fitness. Results. Allele I was found to have an advantageous effect on higher maximal oxygen uptake values and, in addition, a characteristic distribution of genotypes was found, where allele II was more common in individuals practicing aerobic sports and allele DD in individuals training anaerobic disciplines. Conclusion. No significant associations were found between I/D polymorphism in the ACE gene and VO 2max values but certain tendencies were found for those individuals with the ACE II genotype.
Introduction
The angiotensin I-converting enzyme gene (ACE), located in region 17q23, is one of the best-documented genes that affect human physical activity. It is an important component of the rennin-angiotensin-aldosteron (rAA) system, which maintains homeostasis of the circulatory system. The angiotensin I-converting enzyme leads to the elevation of arterial blood pressure in two different ways: by activating angiotensin II, one of the most potent factors which constrict blood vessels, and by deactivating bradykinin, a factor which dilates blood vessels.
In 1992, a team of researchers headed by rigat characterized insertion-deletion polymorphism (I/D) in the angiotensin convertase gene and found its strict relationship with the amount of the free ACE found in the blood [1] . This polymorphism is characterized by the presence of two allelic variants differing in length, i.e. the short D and the long I allele, which in the human genome may form the following genotypes: II -the insertion homozygote, ID -the insertion-deletion heterozygote and DD -the deletion homozygote. The difference in alleles results from the presence of a 287 bp fragment in intron 16 of the gene.
The effect of the I/D polymorphism on the ACE gene has been found in terms of the incidence of cardio-vascular diseases such as hypertension, myocardial infarction or left-ventricular hypertrophy [2, 3] , Jones et al. initiated studies on the effects of ACE gene variants on the effort tolerance of humans [4] . The first analysis on the polymorphism of the ACE gene aimed at determining whether a specific allele is represented more frequently among athletes when compared to a control group. In 1996, Gayagay with his team confirmed a higher frequency of II and ID genotypes in a group composed of members from the Australian national rowing team, which are required to have very good aerobic capacity [5] .
The insertion genotype (II), characterized by low activity of this enzyme in tissue, makes it possible to maintain an advantageous energy balance during intensive and long-term physical exercise. It was observed that athletes practicing disciplines with predominant aerobic energy processes, such as mountaineering, long-distance running and long-distance swimming, seldom had allele D in their genotype. Athletes practicing disciplines that predominantly feature anaerobic metabolism, i.e. sprinters and shortdistance swimmers, are characterized by a high level of ACE and more frequently feature the DD deletion genotype. The amount of activity of the ACE enzyme in the blood of individuals with the DD genotype is approx. two times higher than in individuals with the II genotype [1, 6] .
A team headed by Montgomery focused on analysing the effects of I/D polymorphism within the ACE gene on aerobic endurance in two simultaneous experiments: on a group of Himalayan mountaineers climbing at altitudes of over 7000 m without oxygen supplementation and on a group of british army recruits [7] . Particularly interesting results were obtained from the group of Himalayan mountaineers (25 total), for whom the allele distribution was markedly shifted towards the allele I insertion genotype when compared to a control group, composed of men with no respiratory and circulatory diseases but not involved in physical exercise. In 50% of the Himalayan mountaineers, the II genotype was observed, in 40% the ID genotype while in 10% the DD genotype, with the theoretical normal distribution of genotype frequency being 25 : 50 : 25, respectively. In the second experiment, conducted on men recruited by the british Army (n = 123), a relationship was found between ACE gene polymorphism and the recruits' response to training, whose objective was to perform the maximum number of repeated elbow joint flexions with a 15 kg load over a specified period of time. Prior to the onset of training, the number of repetitions completed was similar for all participants. However, after completing the training cycle, a considerable increase was observed in the number of repeated flexions performed by 66 individuals with the II and ID genotypes, which was not found in a group of 12 individuals with the DD deletion homozygotes genotype of the ACE gene. research conducted in 2000 by a team headed by Williams showed that the presence of the insertion allele of the ACE gene considerably enhances the mechanical efficiency of skeletal muscles when compared to individuals having the deletion allele in their genotype, which was observed during a 10-week endurance-training period [6] . Similar conclusions were reported by Jones, Montgomery and Woods, who stated that the allele I of the ACE gene is connected with lower angiotensin convertase activity and frequently found among the leading athletes of certain sport disciplines such as long-distance running, rowing and mountaineering [4] . Similarly, teams of researchers headed by Myerson and Tsianos observed an increase in the frequency of allele I found with an increase in the length of Olympic distances covered by athletes [8, 9] .
It also needs to be stressed that there are studies that have not confirmed the above-mentioned results in terms of the differences found in the distribution of alleles I/D in a group of athletes and a control group not involved in physical training [10, 11] .
The authors of some publications tend to believe that the insertion-deletion polymorphism of the ACE gene may be a factor that enhances physical fitness, but one that does not effect oxygen uptake levels or the regulation of systole frequency [12] . Zhang, with his team, stated that the presence of the insertion allele of the ACE gene is rather connected with an increase in the size of muscle fibre type I (slow-twitch oxidative, i.e. ST fibres). It was suggested that this phenomenon might underlie the mechanic relationship between the presence of insertion alleles of the ACE gene with better physical fitness. Similarly, other relationships were observed between allele D and a higher share of fast-twitch muscle fibres type II (FT) [13] , greater power of the quadriceps muscle in response to training, and higher anaerobic capacity as well as improved aerobic capacity in short-term effort after undergoing training [14] . Thompson and binder-Macleod [15] reported two probable mechanisms of the relationship between ACE polymorphism and fitness. The first mechanism, as mentioned above, of better respiratory and circulatory efficiency is connected with the function of angiotensin convertase. The other mechanism involves the effect of ACE polymorphism on metabolic efficiency. Montgomery et al. [16] and Katsuya et al. [17] in their studies observed a relationship between allele I and fat mass as well as the body's higher anabolic reaction when subjected to exercise. Thus, genotype II may have an advantageous effect on metabolic efficiency by the maximization of aerobic sources of energy.
In literature on the subject, we may also find scientific publications in which the connection between the ACE genotype and physical fitness was not confirmed. A team headed by rankinen summed up their research on a group of men (n = 192) practicing endurance disciplines (cross-country skiing, biathlon, Nordic combined, long-and medium-distance running, road cycling), stating that no overrepresentation of allele I was found in the group of athletes attaining the highest maximal oxygen uptake values (over 80 ml/kg/ min). This may suggest that ACE gene polymorphism does not play a role in better cardiorespiratory efficiency [11] . In addition, studies on an ethnically diverse group of U.S. army recruits subjected to basic physical training [18] or on a group of twins subjected to weight training [19] did not confirm the effect of the ACE genotype on aerobic capacity or find a relationship between allele D with greater muscle power. No relationship was found among 291 world-class Kenyan athletes practicing endurance sports and their ranking [20] . Most scientific reports are contradicted by the results found by Zhao et al. on a group of 67 chinese men not involved in professional sports subjected to a 20-week training period. They observed higher values of maximal oxygen consumption in individuals with the deletion genotype DD [21] or an even higher increase of VO 2max when compared to individuals with genotypes ID and II [11] .
From the data presented above, it appears that the effect of different alleles of the ACE gene on the value of maximal oxygen uptake is often ambiguous, although its function in the modification of cardiorespiratory capacity is obviously significant. Thus for the authors of this paper it seemed justifiable to conduct studies in this respect on a group of selected Polish athletes.
The aim of this study was to analyze how I/D polymorphism in the ACE gene, when taking into consid-eration the circulatory system and muscle metabolism, may affect various parameters of an organism's physical fitness, such as maximum oxygen uptake VO 2max . This study was conducted on a group of young individuals, those practicing various sport disciplines that differ in terms of the character of energy metabolism and those leading less active lives. To the best of our knowledge, at the time when this study was initiated, such an analysis had not been carried out among subjects from Poland, and as such, there are no available results which may compared with the analyses presented here. What is more, ethnic differences prevalent among the other studies conducted around the world prevent a simple comparison of results with the ones here that were conducted on the largely homogeneous Polish population.
Material and methods
The experimental group and biological material biological material for genetic analyses comprised of peripheral blood samples collected from students attending their second and third year at the University School of Physical Education in Poznań. The students were either studying Physiotherapy or Physical Education and included those who were actively practicing sports as well as professional athletes training in various sport disciplines, representing different sports classes and included representatives of Polish national teams, as well as those students who were less active. The study was approved by the commission of bioethics at the Karol Marcinkowski University of Medicine in Poznań.
The group subjected to physiological and genetic analyses comprised of 239 caucasians (154 men and 85 women) aged 18-26 years. Since VO 2max is a sex-dependent parameter, all statistical analyses were performed separately for men and women.
In order to verify the effects of the analyzed gene polymorphism on maximal oxygen consumption, depending on the level of physical activity, the participants in this study were then divided into a group of individuals who trained (119 men and 37 women) and those who did not train in any sports (35 men and 48 women). Furthermore, those individuals who did train in sports were then subdivided into three subgroups, each classified by the type of exercise metabolism that predominates in the discipline they practice: (i) speed and strength disciplines (disciplines that predominate in anaerobic energy metabolism) were denoted as Sp-St, (ii) endurance-speed-strength disciplines (disciplines requiring both anaerobic and aerobic energy metabolism) were denoted as E-Sp-St, and (iii) endurance disciplines (those predominating in aerobic energy metabolism) were denoted as E. The division of the sport disciplines was based on the classification system developed by bellotti et al. [22] and is presented in Table 1 , which lists the practised disciplines and the numbers of individuals in them.
Physiological analyses
Physiological analyses were conducted at the Laboratory of Functional Examinations at the University School of Physical Education in Poznań, certified by ISO 9001:2000 standards (no. 956-2007-AQ-GDA-rvA).
The maximal oxygen uptake of the participants was determined by using the direct method during exercise tests on a treadmill with the use of a Jaeger Oxycon Mobile spiroerogometer (Germany). During each test, the composition of air inhaled and exhaled by a subject (VO 2 , VcO 2 ) was analyzed and their heart rate (Hr) was monitored using a Polar pulsometer (Finland). The exercise tests were carried out on a treadmill with increasing load, starting from a running speed of 8 km/h, increasing the load by 2 km/h every 3 min, until the moment of maximum individual load was reached.
Genetic analyses
Genetic analyses were conducted at the Laboratory of Genetic Analyses at the University School Physical Education in Poznań, certified by ISO 2000:9001 stan dards (no. 956-2007-AQ-GDA-rvA).
DNA for genetic analyses was isolated from 5 ml of peripheral blood collected from the examined in- Pcr products were separated on 1.5% agarose gel (0.75 g agarose on 50 ml gel). Electrophoresis was run at 100 V for 30 min in a biometra agagel mini horizontal apparatus (Germany). The results were visualized on a UV transilluminator with 2 μl ethidium bromide (5 mg/ml). An example of genotyping for I/D polymorphism in the ACE gene is presented in Figure 1 .
Statistical analyses
Statistical calculations were performed at the computer Laboratory of the Faculty of Animal breeding and biology at the Poznań University of Life Sciences, with the use of SAS statistical software ver. 9.1 (USA). The 2 test was used to verify the goodness of fit for genotype distributions and the Hardy-Weinberg principle was used for verifying the consistency of the maximal oxygen uptake values. The homogeneity of variance was determined using the bartlett test. The association between the I/D polymorphism of the ACE gene and maximal oxygen uptake (VO 2max ), as recorded for the each of the participants in the experiment, was verified using the ANOVA one-way analysis of variance -the parametric test t. Table 2 presents the general characteristics of the study's participants including mean values of anthropometric traits, i.e. body weight and height together with age, along with the means and standard deviations.
Results
The means of the minimum and maximum values of maximal oxygen uptake of the participants are presented in Table 3 . The highest level of VO 2max in the group of men was recorded for a triathlon athlete, while the lowest was for a field hockey player, whereas among women the highest value was also found for a triathlon athlete and the lowest for a non-training individual.
As mentioned, the men and women were divided into groups of individuals actively practicing sports and those not involved in any form of training, and then in terms of the character of energy metabolism connected with the practiced sports discipline. Mean VO 2max values for women and men, depending on the level of physical activity and the character of energy metabolism as per the practiced sports discipline, are presented in Tables 4 and 5 . As was expected, women recorded lower values of VO 2max when compared to men and those individuals not involved in training had lower values than those who practiced sport. In the training group, the highest values of the maximal oxygen uptake were recorded for athletes of endurance disciplines, while the lowest for representatives of endurance-speed-strength disciplines. SD -standard deviation n -number of participants in the group F -females M -males The aim of this study was to analyze the association of the investigated polymorphism with the level of recorded maximal oxygen uptake. In the experimental group, the frequency of alleles and genotypes were analyzed together with the distribution of VO 2max values. The 2 test confirmed the fact that the analyzed parameter was characterized by normal distribution and the frequency of ACE genotypes was observed to be within the genetic equilibrium ( Table 6 . The differences between the mean values of the maximal oxygen uptake recorded in the three groups with different genotypes turned out to be statistically non-significant.
As was mentioned, in order to verify whether there are any differences in maximal oxygen uptake values with different genotypes, depending on the level of physical activity, the women and men participating in the experiment were divided into groups of those who were and were not involved in sports training. The distribution of genotypes and maximal oxygen uptake values (minimum, maximum and mean value) of the two groups are presented in Table 7 . Within these two groups, a statistically significant difference was found in the mean values of maximal oxygen uptake between genotypes ID and DD (p 0.05) in non-training men.
The recorded results were also analyzed in terms of the differences in the maximal oxygen uptake values recorded by individuals with different genotypes, depending on the character of energy metabolism that predominates in their practiced sport discipline. The mean values of maximal oxygen uptake in the subgroups of individuals practicing speed-strength disciplines, endurance-speed-strength disciplines, endurance disciplines and those not involved in any form of training are listed in Table 8 . In the I/D polymor- The statistically significant difference in maximal oxygen uptake between the given genotypes (a -at p 0.05) are underlined. F -females, M -males, n -number of participants in the group Sp-St -speed-strength disciplines E-Sp-St -endurance-speed-strength disciplines E -endurance disciplines, Min -the lowest VO 2max value in the group Max -the highest VO 2max value in the group, SD -standard deviation The statistically significant difference in maximal oxygen uptake between the given genotypes: a -at p 0.01 was marked by underlining the two values. The statistically significant difference level of p = 0.07 between the genotypes was marked by underlining and italicising the values. phism of ACE, apart from the one mentioned above between genotypes ID and DD in non-training men, a significant difference was also found at p = 0.07 between genotypes ID and II in men representing speedstrength disciplines.
Discussion
The ACE gene has been widely described and analysed in literature. It was shown that I/D polymorphism in intron 16 affects the function of the gene, differentiating the enzymatic activity of angiotensin convertase in the blood [1, 6] , which is connected with the regulation of blood pressure and as such, it plays an important role in cardiorespiratory efficiency. There are numerous studies in which allele I was associated with higher VO 2max values and having a more-frequent incidence in individuals practicing endurance sport disciplines, such as marathon running, cycling, rowing, long-distance swimming and mountaineering [5, 7, 24] . In turn, allele D was associated with such disciplines as sprint running, short-distance swimming and strength sports, predominating in anaerobic energy metabolism and with lower ACE activity in the blood [4, 7, 25, 26] . However, analyses of this polymorphism were also undertaken as many researchers have not been able to confirm the association of the ACE gene with VO 2max, or able to find it having a general effect on aerobic efficiency [12, 25, [27] [28] [29] . Other studies have also found polymorphism having a completely different effect for individual alleles, such as in the observations reported by Montgomery et al. [11, 21, [30] [31] [32] .
Maximal oxygen uptake values for the ACE genotypes in the group of women and men analyzed within this study were similar, with an upward trend found for genotype II in women and DD in men. The division of the experimental group into training and nontraining individuals showed a significant difference in VO 2max between participants with genotypes DD and ID in the group of non-training men. The further division of those individuals training into the three subgroups of disciplines with different types of exercise metabolism found a difference between genotypes ID and II close to statistical significance (p = 0.07) in terms of VO 2max in men practicing speed-strength disciplines. In the group of non-training women and those representing endurance and endurance-speed-strength disciplines, the highest value of maximal oxygen uptake was found for women with genotype ID, while in the subgroup of those practicing speed-strength disciplines it was for women with genotype DD. In turn, in the group of men, the highest maximal oxygen uptake values were observed for individuals with genotype II in the subgroup of endurance disciplines, ID in the subgroups of speed-strength disciplines and non-training individuals, as well as II and DD in the subgroup of disciplines with mixed-type metabolism. Despite a lack of statistically significant associations, the results of this study present findings that support those researchers who found an association of allele I with higher maximal oxygen uptake values, which is confirmed by the group of non-training individuals, in which there was no factor modifying their level of fitness. This conclusion was additionally supported by the distribution of genotypes in groups representing sports disciplines predominating in aerobic and anaerobic meta bolic processes. Among the 35 individuals taking part in disciplines characterized by anaerobic energy metabolism, only 6 participants had the "endurance" genotype II. Furthermore, among the 50 individuals who practice sports that predominate in aerobic energy metabolism, only 11 had the "sprint-type" genotype DD. Additionally, our observations of the distribution of ACE genotypes is similar to those obtained in another study of Polish rowers, which found an association between allele I with endurance performance as well as a predominance of the genotype II in the athletic group when compared to the control group [24] .
Studies aimed at uncovering the genotypes that determine physical fitness have been rapidly developing. An analysis of individual polymorphism associations is at present a method of low efficiency in the search for the genetic background of complex characters. Genetic models including several polymorphisms are created to form an optimal profile characteristic for athletes practicing a sports discipline requiring a specific type of exercise metabolism [33] . A specific case of such a profile may be connected with haplotypes, i.e. polymorphisms with considerable linkage disequilibrium, resulting from their being located closely to one another and which are inherited jointly, thus they are considered as one unit and not a single polymorphism. For this reason, several analyses need to be performed covering a spatially narrower range of the genome, subjected then to a comprehensive analysis on a specific aspect of efficiency, e.g. cardiorespiratory or cell respiration efficiency, in order to systematically form a base of genetic profiles that would be advantageous in competitive sports. The results of this study may also contribute to similar analyses conducted on the Polish population, particularly in view of the practical applicability of these results in benefiting Polish athletes.
Conclusion
No association was found between I/D polymorphism in the ACE gene with VO 2max values. Allele I was found to have an advantageous effect on higher maximal oxygen uptake values and, in addition, a characteristic distribution of genotypes was found, where allele II was more common in individuals practicing aerobic sports and allele DD in individuals training anaerobic disciplines.
